The bronchial mucosa contributes to elastic properties of the airway wall and may influence the degree of airway expansion during lung inflation. In the deflated lung, folds in the epithelium and associated basement membrane progressively unfold on inflation. Whether the epithelium and basement membrane also distend on lung inflation at physiological pressures is uncertain. We assessed mucosal distensibility from strain-stress curves in mucosal strips and related this to epithelial length and folding. Mucosal strips were prepared from pig bronchi and cycled stepwise from a strain of 0 (their in situ length at 0 transmural pressure) to a strain of 0.5 (50% increase in length). Mucosal stress and epithelial length in situ were calculated from morphometric data in bronchial segments fixed at 5 and 25 cmH2O luminal pressure. Mucosal strips showed nonlinear strain-stress properties, but regions at high and low stress were close to linear. Stresses calculated in bronchial segments at 5 and 25 cmH2O fell in the low-stress region of the strain-stress curve. The epithelium of mucosal strips was deeply folded at low strains (0 -0.15), which in bronchial segments equated to Յ10 cmH2O transmural pressure. Morphometric measurements in mucosal strips at greater strains (0.3-0.4) indicated that epithelial length increased by ϳ10%. Measurements in bronchial segments indicated that epithelial length increased ϳ25% between 5 and 25 cmH2O. Our findings suggest that, at airway pressures Ͻ10 cmH2O, airway expansion is due primarily to epithelial unfolding but at higher pressures the epithelium also distends. mucosal folds; epithelium; airway mechanics THE AIRWAY MUCOSA HAS SEVERAL important roles in airway and lung biology. The mucosa contributes to mechanical properties of the airway wall that may influence the degree of airway expansion produced by lung inflation and the extent to which the airway narrows in response to bronchoconstrictor substances. The mucosa comprises the epithelium (with its basement membrane), lamina propria glands, vascular tissue, and an elastic matrix. The epithelium is a continuous layer of cells, with numerous folds that deepen on lung deflation or airway smooth muscle (ASM) contraction (9, 12). By its position internal to ASM, the mucosa imposes an afterload on ASM that may be substantial enough to restrict ASM shortening and, thus, active airway narrowing in response to bronchoconstrictor substances (5, 12). Elastic properties of the mucosa also contribute to the pressure-volume behavior of the airway wall. On lung inflation, the airway lumen expands and the depth of epithelial folds is progressively reduced, which help accommodate the increased volume of the airway lumen (4, 5, 10).
Structural and mechanical properties of the mucosa potentially affect the response of the airway wall to lung inflation, deflation, and ASM contraction.
Folding properties of the epithelium relevant to ASM contraction have been widely studied (4 -6, 10, 12) . The mechanisms of mucosal expansion during lung inflation are less well documented. It is unclear whether expansion of the airway lumen is completely accounted for by unfolding of the epithelium or whether epithelial distension contributes to expansion of the airway wall under physiological pressures. An early study suggested that the mucosa was indistensible on the basis of findings that the epithelial length appeared constant when lungs were inflated or when airways narrowed as a result of ASM contraction (4) . The basal lamina in blood vessels is also indistensible, suggesting that in the airway the basement membrane might restrict mucosal expansion (2) . The apparent resistance of the epithelial membrane to stretch has allowed normalization of ASM to the length of the epithelium and airway size. However, other studies suggest that the epithelium may be distensible over physiologically relevant pressures. In human bronchial segments, McParland et al. (7) found evidence that the epithelium distends as much as 50% when airways are inflated to total lung capacity (TLC).
The capacity of the bronchial mucosa, including the epithelium, to distend over a range of pressures encountered in the lung depends on elastic properties of the mucosal membrane, which to our knowledge have not been reported. It was not possible to distinguish between elastic properties of epithelial cells and basement membrane, and we use the term "epithelium" in the context of its material properties to include both of these structures. The contributions of epithelial distension vs. unfolding at physiological pressures are also unclear. We assessed mucosal distensibility from strain-stress curves in mucosal strips and related this distensibility to epithelial length and folding. To relate epithelial morphology to stresses under physiological conditions, we used morphometric data from whole bronchial segments fixed at 5 and 25 cmH 2 O luminal pressure to calculate the stress in the airway wall. Bronchial segments were also used to assess epithelial length at different pressures.
METHODS
Strain-stress curves and morphometry in mucosal strips. Procedures conformed with the American Physiological Society's "Guiding Principles in the Care and Use of Animals" and were approved by the institutional ethics and animal care unit. Pigs, Ͼ8 wk age, were sedated with tiletamine-zolazepam (4.4 mg/kg im) and xylazine (2.2 mg/kg) and then exsanguinated under pentobarbitone sodium (25 mg/kg iv) anesthesia. A 2-to 4-cm segment from the proximal end of a main stem bronchus (ϳ5 mm ID) was excised and placed in a petri dish under a dissecting microscope. Thus viewed, the in situ perimeter of the airway lumen, without interstices, was recorded with a digital camera attached to the microscope and measured using Optimus image analysis software (Media Cybernetics). The perimeter of the lumen was again recorded after the segment was cut longitudinally, a procedure that resulted in a reduction of perimeter as airway tissue retracted. The ratio of the lumen perimeter before to that after transection was used to set the resting length of the mucosal strips (see below). After transection, the airway was pinned mucosa side up, and a ϳ1-mm-wide strip of mucosa was marked by cuts through the mucosa with a scalpel blade. Surgical silk threads (4-0) were tied around each end of the strip so that the knot-to-knot length of the strip was 1 cm after correction for tissue retraction (i.e., when the retracted mucosal strip was stretched back to its original in situ length in the airway at 0 transmural pressure). The strip was then carefully dissected from the bronchus, with as much loose connective tissue removed as possible. ASM was not removed to prevent physical damage to the mucosa. The preparation and orientation of the mucosal strips are shown in Fig. 1 .
The tissue strip was mounted horizontally to stainless steel anchors: one attached to a clamp and the other screwed to a force transducer (model FTO3, Grass Instruments, Quincy, MA). Tissue was fixed to the anchors with nitrocellulose glue on the silk knots to ensure strong attachment. The segment was then immersed in 37°C Krebs solution aerated with 5% CO 2 in O2. The tissue was allowed to equilibrate for 30 min before length-force measurements commenced. Throughout the experiment, the Krebs solution in the bath was changed at 10-min intervals.
Mucosal strips were first set to a length of 1 cm. After equilibration, the strip was lengthened to 1.5 cm and returned to 1 cm in 0.05-cm increments by means of a calibrated micrometer screw. A maximum increase in mucosal length of 50% was selected, because it allowed a plateau in the strain-stress curve to be recorded (see RESULTS) . The change in force (in grams) at each length was measured after 90 -95% of stress relaxation had occurred (ϳ2 min). Each strip was subjected to three cycles. Because the second and third curves were approximately the same, the third was used for analysis. Stress was calculated from change in force and the cross-sectional area (i.e., force/crosssectional area). Cross-sectional area was determined from the volume and length of each strip. Volume was measured by isolating the length between each silk tie and weighing the segment, with the assumption that the density of the tissue was 1 g/cm 3 . Strain in mucosal strips was determined from the change in tissue length and the initial in situ length of mucosa (i.e., ⌬L/L i).
Trachea mucosal strips were prepared as described for bronchi, except they were excised from the area of the trachea opposing the smooth muscle to ensure that there was no muscle in the preparation.
In a separate experiment, mucosal strips were fixed at different lengths to determine the effect of stretch on the length and thickness of the epithelium and on epithelial folding. For this purpose, contiguous strips were pinned onto small pieces of cork board and then fixed in 4% formaldehyde solution. To aid accurate and secure pinning of the strips, the two ends of each strip were ligated with surgical silk as described above to obtain a knot-to-knot length of mucosa that in situ was 1 cm long. One strip was pinned at this 1-cm length (i.e., 0 strain). Others were stretched to 1.15 cm (0.15 strain), 1.30 cm (0.3 strain), and 1.4 cm (0.4 strain) when pinned. Tissue dissection, ligation, and stretching were carried out under a dissecting microscope, and lengths were set with fine calipers. The above-described process was repeated at two to three closely positioned regions of each of three bronchi (3 pigs in total). After fixation for Ͼ24 h, strips were processed into wax while they remained attached to the cork. Before they were blocked, the strips were freed from the cork by cuts between the knots and then set in wax blocks. Removal of the silk knots at each end of the strip resulted in a final processed length that was slightly shorter than the original fresh knot-to-knot length. An adjustment for this discrepancy was incorporated into subsequent morphometry (see below). Sections (8 m thick) were prepared from the longitudinal plane of each strip, such that the epithelium could be seen in profile. Sections were stained with Verhoeff and Van Giesson stains for visualization of collagen and elastin fibers.
The following averaged measurements were made on duplicate sections of bronchial strips using Optimus image analysis software: 1) length of the mucosal strip ( Fig. 1) , 2) length of the luminal border of the epithelium, including folds, as a measure of epithelial length ( Perimeter of the epithelium in fixed airways. The effect of luminal pressure on the internal perimeter (Pi) of the epithelium (1) was evaluated using bronchial segments (ϳ2 mm ID) prepared for a previous publication (8) . Bronchial segments were removed from 13 pig lungs and mounted in organ baths similar to those used for the tissue length-force measurements described above. However, the lumen was connected to a pressure reservoir containing Krebs solution, allowing the transmural pressure to be set at a predetermined value. The airway length was fixed so that increasing luminal pressure affected only the bronchial circumference. Airways were fixed in 4% formaldehyde solution after inflation to 5 or 25 cmH2O luminal pressure.
After Ͼ12 h of fixation, a 0.5-cm segment from the midregion of each bronchus was processed and embedded in wax blocks for histology. At least four 8-m transverse sections were cut from each blocked airway, with ϳ0.5 mm between each section, and they were stained with hematoxylin and eosin. Pi was measured by tracing around the luminal perimeter of the folded epithelium using a microscope and Optimus software.
Because P i could not be measured at different inflation pressures in the same airway, it was necessary to ensure that similar-sized airways were used in the two groups (5 and 25 cmH 2O). Accordingly, airway samples were taken from age-matched animals and from the same anatomic location (i.e., generation) in the stem bronchus of each animal. The total wall area was determined by morphometry, because we reasoned that this measurement would help determine whether airways were originally of similar size. Total wall area was slightly but significantly less at 25 than at 5 cmH 2O (Table 2) . Because larger airways have a greater wall area (4), this finding suggested that an increased P i, found at higher pressures (see RESULTS), was not due to systematic bias in airway sampling at the two pressures.
Calculations and statistics. Plots of strain vs. stress were nonlinear (Fig. 2) but showed regions at low and high stress that were approximately linear. For curve-fitting purposes, strain-stress data were fitted to a two-phase exponential equation (see below). The compliance of mucosal strips was determined from the slope of the linear parts of the strain-stress curve by linear regression. For each mucosal strip, strain was plotted against stress, and the linear coefficient of determination was calculated. Points were removed from the high-stress part of the curve until r 2 Ͼ 0.9 to find the low-stress linear region. Similarly, to find the linear high-stress region, points at low stress were removed until r 2 Ͼ 0.9. The slope of these linear regions was then determined by least-squares regression for each strip during inflation and deflation. Compliance was defined as strain divided by stress, i.e., the inverse of Young's modulus of elasticity.
To estimate the regions of the strain-stress curve in bronchial mucosal strips that corresponded to physiological pressures in an intact bronchus, we used an approach similar to that described by Gunst and Stropp (3) to calculate stress in the wall of bronchial segments examined histologically above.
From the Laplace equation
where T is wall tension, P is luminal pressure, and r is luminal radius, given that
Measurements are shown in Fig. 1 . Wall thickness and luminal and adventitial radii were calculated using morphological data in bronchial segments fixed at 5 or 25 cmH2O (see above). Wall thickness was calculated from the difference between outer airway radius (determined from total cross-sectional area of the airway) and luminal radius (calculated from luminal cross-sectional area). Using the luminal radius, we calculated wall stress at the inner curvature of the airway. However, because the airway wall is thick, this approach may be oversimplified. Furthermore, the analysis assumes that the different components of the wall had uniform material properties. The strain at these stresses was determined from the mucosal strip data by nonlinear regression. Strain-stress data in mucosal strips closely fitted a two-phase exponential equation (R 2 Ͼ 0.98) of the following form ε ϭ A ϩ Be Ϫk ϩ Ce Ϫl where ε is strain, is stress, and A, B, C, k, and l are fitting parameters. Multiple comparisons were carried out by one-way ANOVA using GraphPad Prism software with Newman-Keuls post hoc test. Student's t-test was used for single comparisons. P Ͻ 0.05 was regarded as significant. Values are means Ϯ SE. Except where stated, one mucosal strip or bronchus was used from each pig.
RESULTS
Strain-stress curves for the bronchial and tracheal mucosal strips are shown in Fig. 2 . In bronchial and tracheal mucosal strips, strain rose rapidly with low stress and then approached a plateau at above ϳ100 g/cm 2 . Accordingly, strain-stress curves were partitioned into low-and high-stress regions (Table 1). At low strains and stresses, compliance was greater during deflation than during inflation. However, at high strains and stresses, compliance was less during deflation than during inflation. There were no differences in compliance of tracheal or bronchial preparations. Hysteresis was observed for all strips, with longer strain during deflation than during inflation at any stress.
Histology showed that the mucosa of each preparation contained abundant subepithelial collagen and elastin (Fig. 3) . Elastic fibers appeared frequently in transverse section, i.e., along the longitudinal plane of the airway. Bronchial strips also contained some ASM; however, porcine ASM has little or no Table 1 for compliances.
intrinsic tone (unpublished observations). There was no ASM in tracheal strips (not shown). The effects of stretching mucosal strips on mucosal morphology are shown in Figs. 3 and 4 . At a strain of 0, there were deep folds in the mucosa. With increasing strain, the depth and the number of folds were reduced. However, even at high strains, many folds were still visible. The epithelial length was not altered with modest levels of strain (0.15). However, with greater strain, the length of the epithelium increased significantly. The thickness of the epithelium appeared slightly, but not significantly, reduced.
To identify physiologically important regions of the strainstress curve in the bronchial mucosa, we calculated airway wall stress in bronchial segments at luminal pressures of 5 and 25 cmH 2 O. Morphometric data shown in Table 2 were used to calculate stress for the inner curvature of the airway wall. Stress was 7.6 Ϯ 0.6 and 72.9 Ϯ 4.0 g/cm 2 at 5 and 25 cmH 2 O, respectively. Stress associated with low luminal pressures was located on the more-compliant region of the strain-stress curve in Fig. 2 , whereas wall stress at 25 cmH 2 O was close to the turning point between high and low compliance.
Measured P i was Ͼ20% greater in bronchial segments fixed at 25 cmH 2 O than in generation-matched segments fixed at 5 cmH 2 O (Table 2, Fig. 5 ). Inner wall stress (calculated above) was used to estimate the corresponding strain on mucosal strips at these pressures using the measured strain-stress properties of mucosal strips. At 5 cmH 2 O the calculated mucosal strain was 0.08 Ϯ 0.02, whereas at 25 cmH 2 O the expected strain was 0.31 Ϯ 0.05. The percent change in mucosal length implied by these expected strains was similar to the measured change in P i of fixed bronchi (Fig. 5); i.e., the mucosal strips stretched from 1.08 times their in situ length at 0 transmural pressure to 1.31 times their in situ length (a 21% increase in length). The expected change in epithelial length for inflation from 5 to 25 cmH 2 O was also estimated by interpolation of epithelial length at mucosal strains of 0.08 and 0.31 from data in Fig. 4A relating epithelial length to mucosal stretch. The expected change in epithelial length for inflation of bronchi from 5 to 25 cmH 2 O was ϳ10%, which is less than the change in P i observed for the same inflation of bronchial segments (Fig. 5) .
DISCUSSION
The present study documents static elastic properties of the bronchial mucosa. We report regions of low-and high-loadbearing capacity and present findings suggesting that expansion of the mucosa is associated with epithelial unfolding and epithelial distension. To our knowledge, mechanical strain of the bronchial mucosa, over a comprehensive range of stresses, has not previously been reported. Wang et al. (11) examined the tracheal mucosa at strains of 0.1, 0.2, and 0.3 and recorded stresses similar to those reported in the present study. They also compared strips prepared from different orientations in the airway and showed that the mucosa was stiffer in the axial than in the transverse plane. Our experimental design differed from that of Wang et al., in that bronchial mucosa was used and different regions of the strain-stress relation and their relation to epithelial folds and distension were investigated. Pressurevolume properties of peripheral bronchioles, predominantly comprising the mucosa, have also been reported (9) and are in broad agreement with our findings, showing regions of low and high stress at 0 -10 cmH 2 O. There was considerable hysteresis in the mucosal strain-stress curve reported here. Inflationary curves were used in our analyses to allow comparison of Values are means Ϯ SE, expressed in g/cm 2 (n ϭ 6 -8). Compliance of mucosal strips is strain divided by stress in low-and high-stress regions. *P Ͻ 0.05; †P Ͻ 0.01 vs. low stress. Bronchial and tracheal compliances were not different. mucosal morphometry in mucosal strips and whole bronchi after luminal inflation (see below).
We identified the physiological relevance of the low-stress high-compliance and high-stress low-compliance regions of the strain-stress relation by estimating the stress in the wall of an airway at pressures approximating functional residual capacity (5 cmH 2 O airway luminal pressure) and TLC (25 cmH 2 O). Our approach, which was similar to that used by Gunst and Stropp (3) to calculate stress, used morphometric data from a previous study (8) in this laboratory in which pig airways were fixed while the lumen was pressurized to 5 and 25 cmH 2 O. The Laplace equation used by us and others assumes an isotropic airway wall and applies principally to thin-walled cylindrical vessels. Because the airway wall is a thick, multilayered structure, the stress in the airway wall may vary from the ideal case. Also, our protocol measured static mechanical properties of the mucosa, and stress may vary under the dynamic conditions present in breathing (11) . At 5 cmH 2 O the stress was calculated to be 7.6 Ϯ 0.6 g/cm 2 , and at 25 cmH 2 O it was 72.9 Ϯ 4.0 g/cm 2 . With use of these stresses, our analysis suggests that airway transmural pressures of 5 and 25 cmH 2 O would produce inflationary strains of 0.08 and 0.31, respectively, in mucosal strips. The above findings suggest that under physiological conditions the low-stress high-compliance region of the strain-stress curve dominates mucosal mechanics.
A major aim was to investigate whether airway inflation can be accounted for solely by unfolding the epithelium or whether the epithelium also stretches with airway expansion. The structural basis of epithelial unfolding and stretch and the forces producing them are likely to be different, and each may make Values are means Ϯ SE. Wall thickness and area, airway radius, and internal perimeter were determined morphometrically in bronchial segments fixed after inflation to 5 or 25 cmH2O luminal pressure. Airway length was held constant at different pressures. These airways were used in calculation of total wall stress and epithelial stretching in whole airways. *P Ͻ 0.05; †P Ͻ 0.01; ‡P Ͻ 0.001 vs. 5 cmH2O. Table 2 . B: increase in length of mucosal strips at stresses calculated at luminal pressures of 5-25 cmH2O, regressed from inflationary strain-stress curves shown in Fig. 2 . C: length of epithelium in mucosal strips at stresses calculated at airway pressures of 5-25 cmH2O, interpolated from relation between mucosal strain and length of epithelium shown in Fig. 4 . Values are means Ϯ SE (n ϭ 6 -7).
### P Ͻ 0.0001 vs. bronchial segments (1-sample t-test).
unique contributions to the elastic properties of the airway in health or disease. With respect to epithelial folding, the forces producing the folds are considered sufficient to exert physiological effects on airway narrowing (5, 6, 12) . Little is known about the forces associated with stretching the epithelium or, indeed, whether the epithelium stretches under physiological pressures. Any changes in epithelial length on lung inflation are dependent on the elastic properties of the epithelium and its basement membrane, which were not partitioned in the present study. To assess unfolding and distension of the epithelium, mucosal strips were fixed at different strains and then examined morphometrically. In common with other studies in whole airways, epithelial folds were prominent at low strains (4, 5, 10) but were still present, but reduced, at strains equating to TLC (0.3-0.4 strain). After correcting the length of the tissue strip for loss of material in cutting and blocking (see METHODS), we were also able to measure the length of the epithelium, with folds and interstices taken into account. Because the initial length of the tissue samples (1 cm) was the same at all strains, the effect of stretching the mucosal strip on epithelial length could also be estimated. The thickness of the epithelium was also measured, inasmuch as we thought it would provide additional evidence for epithelial stretch. We showed that the length and thickness of the epithelium remained constant when the mucosal strip was stretched to a strain of 0.15, but at higher strains (0.3-0.4) the length of the epithelium increased. Although there was some suggestion that the epithelium became thinner as the mucosa was stretched, as it might if the length of the epithelium increased, this was not a statistically significant effect. A strain of 0.15, at which the epithelial length was unchanged, corresponds to the stress associated with ϳ10 cmH 2 O luminal pressure in a whole airway. Therefore, our findings suggest that, in the airways studied, luminal expansion is associated with unfolding of the epithelium at airway pressures (transmural pressure) up to ϳ10 cmH 2 O. This conclusion was further supported by the reduction in the number of folds in the epithelium when the mucosa was stretched. At pressures Ͼ10 cmH 2 O the epithelium starts to distend or stretch as well as unfold. This pattern of airway expansion may differ in airways of different sizes or different locations and if structural properties of the airway change, for example, in airway remodeling. Previous studies provided conflicting data on the capacity of the epithelium to distend (as opposed to unfold) (4). However, a recent study suggested that the basement membrane has the capacity to stretch at physiological pressures (7) . Previous and present findings provide strong evidence that the epithelium is distensible at physiological pressures, and we suggest that normalization of airway size by the luminal perimeter is not a reliable approach, particularly where airways are examined after different lung fixation pressures.
The capacity of the epithelium to distend on lung inflation was further assessed by measuring P i in whole bronchial segments in which luminal pressure was increased to 5 or 25 cmH 2 O before fixation. Clearly, the effect of increasing luminal pressure could not be measured in the same fixed airway specimen, necessitating the use of closely matched airway samples. With histological material used in a previous study (8) , we compared P i in airways of closely matched dimensions when uninflated, fixed at either pressure. Bronchi were taken from animals of the same body weight and at the same anatomic location and had the same luminal diameter at 0 cmH 2 O as measured by gentle insertion of steel rods of known diameter into the distal and proximal ends of the lumen. Results showed that, at 5-25 cmH 2 O luminal pressure, P i increased by 25%, which is less than that recently reported by McParland et al. (7) in human airway segments. For comparison with mucosal strips, the difference in epithelial length was measured from the inflationary strains associated with 5 and 25 cmH 2 O luminal pressure in an airway by interpolation of the relation between strain and epithelial length shown in Fig. 4 . At a strain equating to 25 cmH 2 O luminal pressure in an airway, the epithelium in mucosal strips was 10% longer than at 5 cmH 2 O, a degree of stretch somewhat less than that observed in whole bronchial segments. We are unsure of the cause of the difference in epithelial distension between the whole airway and the mucosal strip, but it may relate to the airways used in our two studies. Mucosal strips were taken from large (ϳ5 mm ID) bronchi to obtain sufficient experimental material. Bronchial segments were more peripheral (ϳ2 mm ID), which may result in increased compliance of the epithelium and, consequently, greater stretch.
In conclusion, direct measurement of airway epithelium shows that epithelial length is not constant as the mucosa is stretched. At low stresses, corresponding to luminal pressures Ͻ10 cmH 2 O, mucosal expansion occurs with unfolding of the epithelium, but at higher pressures similar to those achieved during maximal lung inflation, the increase in mucosal length is associated with epithelial unfolding and epithelial stretch. Over the full range of physiological pressures, the mucosa is in the low-stress linear region of its compliance curve.
